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HIGHLIGHTS 


•  Pyrolysis  and  gasification  of  representative  combustible  solid  wastes  were  studied. 

•  Three  generic  characteristic  thermal  events  were  identified  during  C02-gasification. 

•  Occurrence  of  the  key  thermal  events  depends  on  the  material  type  and  properties. 

•  C02-gasification  kinetics  was  obtained  in  different  stages  of  the  conversion. 
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Key  characteristic  thermal  events  during  the  pyrolysis  and  C02-gasification  of  six  representative 
combustible  solid  wastes  (CSWs),  namely,  poplar,  paper,  polyethylene  (PE),  rubber,  dacron  and  rice,  were 
investigated  using  a  thermogravimetric  analyser  (TGA)  in  order  to  observe  and  contrast  the  thermal 
behaviour  of  these  materials  during  pyrolysis  and  gasification  and  as  a  means  to  reveal  their  thermal 
conversion  mechanisms.  The  TGA  experiments  were  carried  out  in  N2  and  C02  atmospheres,  respectively, 
and  from  room  temperature  to  1 1 93  K  at  various  heating  rates  ranging  from  5  to  30  K  min  1 .  Three  generic 
characteristic  thermal  events,  namely,  pyrolysis  of  the  raw  CSW  (stage  1),  gasification  of  the  char  of 
incomplete  carbonisation  (stage  II),  and  gasification  of  the  fixed  carbon  (stage  III),  were  identified  during 
the  C02  gasification  processes.  It  was  observed  that  the  poplar  and  paper  samples  went  through  all  the 
three  key  events,  however,  the  PE  and  rice  samples  only  incurred  stage  I,  while  the  rubber  and  dacron 
samples  only  showed  the  stages  1  and  III  events.  In  addition,  the  pyrolysis  process  (stage  I)  of  all  six 
CSW  samples  during  the  C02-gasification  was  similar  to  that  in  N2  but,  as  expected,  the  reaction  was 
shifted  to  occur  at  slightly  higher  temperatures  in  C02.  The  activation  energy  of  the  C02-gasification 
reactions  in  the  different  stages  of  conversion  was  estimated  from  the  TGA  data  using  the  Friedman 
iso-conversional  method.  The  activation  energy  for  the  pyrolysis  of  poplar,  PE  and  dacron  remained 
relatively  constant  while  that  for  paper,  rice  and  rubber  increased  with  increasing  the  degree  of  conversion 
in  stage  I. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Combustible  solid  wastes  (CSWs)  such  as  kitchen  garbage, 
paper,  textile,  wood,  leather,  plastics  and  garden  waste  can  be 
utilised  in  various  waste-to-energy  processes  to  recover  energy 
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in  form  of  electricity,  gaseous  or  liquid  fuels,  and  steam  for  heating, 
while  the  final  volume  of  the  waste  to  be  disposed  of  is  minimised. 
Waste-to-energy  is  recognised  as  a  renewable  energy  technology 
and  is  increasingly  playing  an  important  role  in  the  CSW  manage¬ 
ment  [1  ]. 

There  are  extensive  studies  in  the  literature  on  waste-to-energy 
of  CSW  using  various  thermochemical  conversion  technologies, 
such  as  combustion  [2,3],  pyrolysis  [4]  and  gasification  [5],  Inciner¬ 
ation  (combustion),  often  incorporating  a  steam  cycle  for  power 
generation,  is  a  well-established  and  dominant  process  of  munici¬ 
pal  solid  waste  (MSW)  disposal,  in  the  process  of  incineration, 
there  are  major  concerns  over  persistent  organic  pollutants  (POPs), 
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such  as  polychlorodibenzo-p-dioxins  (PCDDs)  and  poly- 
chlorodibenzo  furans  (PDCFs)  [6],  PCDD/Fs  are  almost  always 
formed  as  undesired  by-products  during  the  combustion  of  CSW 
when  chlorine,  oxygen,  hydrogen  and  carbon  are  present  [7,8], 
Against  the  aforementioned  backdrops,  gasification  of  CSW  in 
steam  and/or  C02  offers  several  potential  benefits  over  the  conven¬ 
tional  approach  of  incineration  of  CSW  [9],  The  most  significant 
one  is  the  reduction  of  the  emissions  of  corrosive  and  toxic  com¬ 
pounds  due  to  low  operating  temperatures  and  reducing  condi¬ 
tions  [10].  The  syngas  produced  from  the  gasification  process  can 
be  cleaned  and  combusted  in  conventional  burners,  reciprocating 
engines  or  gas  turbines,  for  combined  heat  and  power  generation. 
In  addition,  its  main  components,  carbon  monoxide  and  hydrogen, 
can  also  offer  the  basic  building  blocks  for  producing  valuable 
products  [9,11],  However,  one  of  the  significant  operational  chal¬ 
lenges  is  that  the  nature  and  composition  of  the  CSW  major  com¬ 
ponents  are  highly  variable,  which  directly  affect  the  gasification 
plant  of  given  design.  Better  understanding  of  the  gasification 
behaviour  of  a  given  CSW  feedstock  is  essential  for  reactor  design, 
plant  operation  and  optimisation  [5].  Among  a  number  of  labora¬ 
tory  approaches,  the  non-isothermal  thermogravimetric  analysis 
(TGA)  is  one  of  the  most  commonly  used  thermoanalytical  tech¬ 
niques  for  CSW  gasification  studies  [5,12,13],  in  which  the  experi¬ 
ments  can  be  performed  in  a  well-controlled  manner.  The  data 
obtained  from  the  TGA  experiments  can  be  utilised  to  determine 
the  kinetics  of  CSW  gasification  by  using  the  isoconversional  meth¬ 
ods  [14], 

In  the  previous  research,  the  liquid  production  from  the  pyroly¬ 
sis  of  biomass  [15,16]  and  sewage  sludge  [17,18]  were  investi¬ 
gated.  The  present  contribution  reports  a  non-isothermal  TGA 
study  of  the  pyrolysis  in  N2  and  C02-gasification  of  six  representa¬ 
tive  CSW  samples,  aiming  to  identify  the  key  thermal  events  during 
the  CSW  gasification  process.  Activation  energy  was  also  obtained 
by  applying  the  Friedman  iso-conversional  technique  to  process 
the  TGA  experimental  data.  It  was  anticipated  that  the  outcomes 
of  this  study  would  provide  some  new  insights  into  the  gasification 
processes  of  different  CSW  and  their  differences. 

2.  Experimental 

2.1.  Materials 


and  significance  with  no  influence  of  contaminations,  all  samples 
were  collected  from  clean  sources  in  the  present  experimentation. 
The  proximate  and  ultimate  analyses  of  the  samples  are  listed  in 
Table  1 .  Prior  to  the  experiment,  the  samples  were  dried  in  an  elec¬ 
trically  heated  oven  at  the  temperature  of  378  K  for  12  h  and  stored 
in  air-tight  bags  until  experimentation. 

2.2.  Experimental  procedures 

The  experiments  were  performed  using  a  thermogravimetric 
analyser  (TGA,  TA  Instruments  Q5000IR),  operating  at  four  differ¬ 
ent  heating  rates,  namely  5,  10,  20  and  30  K  min-1,  respectively. 
These  heating  rates  were  chosen  in  such  a  way  that  they  were  slow 
enough  to  allow  isothermal  experience  of  the  whole  sample  during 
the  TGA  experiments,  yet  they  would  allow  kinetic  analysis  using 
the  Friedman  isoconversional  method  [19].  A  thin  layer  of  the  sam¬ 
ple  (ca.  10  mg)  was  distributed  evenly  in  a  ceramic  crucible  and 
placed  in  the  TGA.  The  sample  was  then  heated  at  a  desired  heating 
rate  to  the  final  temperature  of  1193  K.  The  reaction  of  such  a  thin 
layer  of  sample  could  be  considered  kinetically  controlled  without 
incurring  any  significant  mass  and  heat  transfer  limitations  of  con¬ 
cern  [20],  During  the  heating,  the  mass  and  temperature  of  the 
sample  were  simultaneously  and  continuously  recorded.  In  the 
pyrolysis  experiments,  N2  of  ultra  high  purity  was  passed  through 
the  TGA  at  a  constant  flow  rate  of  100  mL  min-1  to  provide  the 
inert  gas  environment  and  to  sweep  away  the  volatile  released. 
In  the  gasification  experiments,  a  mixture  of  80%  C02  and  20% 
N2,  both  of  ultra  high  purity  was  used  at  a  constant  flow  rate  of 
100  mL  min-1. 

2.3.  Kinetic  analysis  using  the  Friedman  method 

The  TGA  data  of  the  pyrolysis  and  C02-gasification  of  the 
selected  CSW  components  in  this  work  were  subjected  to  kinetic 
analysis  using  the  Friedman  method  [19]  as  a  means  to  compare 
the  characteristics  of  these  different  materials  during  the  thermal 
processing.  The  single  step  reaction  model  is  commonly  used  for 
pyrolysis  and  gasification  studies  [21,22]  as  it  is  independent  of 
the  heating  rate  to  estimate  the  reaction  kinetics.  The  rate  of 
solid-state  degradation  or  conversion,  da/dT,  can  be  described  by 


Six  representative  samples,  namely,  poplar  woodchips,  used 
printing  paper,  rice,  polyethylene  (PE),  dacron  (a  synthetic  polyes¬ 
ter  fibre)  and  spent  tyre,  were  chosen  for  this  study  because  they 
represent  six  typical  combustible  solid  wastes  (CSWs),  namely  bio¬ 
mass,  papers,  kitchen  garbage,  plastics,  textiles  and  rubbers, 
respectively.  In  order  for  the  results  to  be  of  general  relevance 


Table  1 

The  proximate  and  ultimate  analyses  of  the  six  typical  CSW  samples. 


Poplar 

Paper 

Rice 

PE 

Dacron 

Rubber 

Proximate  analysis c1  (wt.%) 
Volatiles  79.55 

79.35 

84.42 

99.98 

75.24 

62.83 

Fixed  carbon 

20.05 

9.98 

15.18 

0.02 

24.61 

26.93 

Ash 

8.11 

10.66 

0.40 

0 

0.14 

10.23 

HHV  (MJ/kg) 

16.08 

11.67 

15.06 

44.09 

28.31 

34.16 

Ultimate  analysis 
Nitrogen 

b  (wt.%) 

1.16 

0.05 

1.48 

0 

22.05 

0.51 

Carbon 

46.67 

36.08 

40.76 

85.66 

65.58 

79.9 

Hydrogen 

5.74 

4.82 

6.46 

14.08 

5.48 

6.76 

Sulfur 

0.09 

0.1 

0.2 

0.26 

0.35 

1.59 

Oxygenc 

46.34 

58.95 

51.1 

0 

6.54 

- 

a  Dry  basis. 

b  Dry  and  ash  free  basis. 
c  By  difference. 


where  a  is  the  degree  of  conversion,  T  the  particle  temperature  (K), 
p  the  linear  heating  rate  (I<  min-1)  in  the  TGA  experiment,  k(T)  the 
temperature-dependent  rate  constant,  /(a)  the  differential  conver¬ 
sion  function,  A  the  pre-exponential  factor  (min-1),  E  the  activation 
energy  (kj  mol-1)  and  R  is  the  universal  gas  constant  (8.314JK-1 
mol-1),  respectively. 

The  degree  of  conversion,  a,  is  determined  from  Eq.  (2). 


where  in,-  is  the  initial  mass,  mt  the  mass  at  time  f,  and  m{  is  the  final 
mass. 

Rearranging  Eq.  (1)  into  a  logarithmic  form  using  the  Friedman 
method  [19]  leads  to 


In  [Ax, /(«)] 


RT, 


(3) 


For  a  given  value  of  the  degree  of  conversion,  the  plot  of  ln[/3 
(da/dT)  vs.  1  /Ta  should  be  a  straight  line  with  the  slope  being 
-E^R,  from  which  the  activation  energy  can  be  calculated. 
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3.  Results  and  discussion 

3.1.  Thermogravimetric  analysis 

Fig.  l(a-f)  shows  the  thermogravimetric  (TG)  and  derivative 
thermogravimetric  (DTG)  curves  of  the  six  CSW  components  in 
both  N2  and  C02  atmospheres  at  a  heating  rate  of  10  K  min  \  As 
shown  in  Fig.  1(a),  the  pyrolysis  of  the  poplar  wood  sample  in  N2 
started  at  400  K,  reaching  a  maximum  rate  of  mass  loss  at  612  K. 
As  the  temperature  continued  to  increase,  the  mass  loss  rate 
decreased  and  the  mass  became  invariant  when  the  temperature 
was  higher  than  800  K,  indicating  the  completion  of  the  pyrolysis 
process.  This  is  consistent  with  the  literature  findings  that  there 
are  two  pyrolysis  regions  for  lignocellulosic  biomass,  namely  the 
active  and  passive  pyrolysis  [23-25],  The  decomposition  of  hemi- 
cellulose  and  cellulose  mainly  occur  in  the  active  pyrolysis  region, 
while  the  decomposition  of  lignin  starts  in  the  later  part  of  the 


active  pyrolysis  region  and  completes  in  the  passive  pyrolysis 
region  without  the  characteristic  peaks  of  the  other  two  major  bio¬ 
mass  components.  For  the  C02-gasification  experimental  curves 
shown  in  Fig.  1(a),  at  temperatures  below  800  K,  the  general  trend 
of  the  weight  change  in  C02  was  similar  to  that  in  N2  although  the 
TG  and  DTG  curves  in  C02  shifted  to  a  higher  temperature  region 
by  ca  10  I<  relative  to  N2.  This  suggests  that  the  poplar  underwent 
a  similar  pyrolysis  process  in  the  C02  atmosphere  to  that  in  N2  at 
low  temperatures  which  were  insufficient  to  cause  the  C02-gasifi- 
cation  reaction  of  the  poplar.  In  the  meantime,  C02  has  a  lower 
heat  capacity  than  N2  at  temperatures  lower  than  600  K,  less  heat 
was  removed  from  the  sample  by  C02  and  therefore,  the  small 
temperature  shift.  However,  significant  additional  weight  loss 
was  evident  at  temperatures  above  900  K  in  C02,  indicating  the 
C02  gasification  reactions  with  the  remaining  char  and  fixed- 
carbon  as  shown  in  Eqs.  (4)  and  (5),  respectively,  had  occurred  [5], 

CHmO„  +  C02  -  CO  +  H20  (4) 


Fig.  1.  The  TG  (-1)  and  DTG  (-2)  curves  of  the  six  typical  CSW  components  in  both  N2  (solid  lines)  and  C02  (dashed  lines)  atmospheres  at  a  heating  rate  of  10  I<  min  1 :  (a) 
Poplar,  (b)  Paper,  (c)  Rice,  (d)  PE,  (e)  Dacron,  and  (f)  Rubber. 
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C  +  C02  -^2CO  +  173.5  kjmor1  (5) 

The  char  produced  from  the  pyrolysis  still  contained  a  notice¬ 
able  amount  of  volatile  matter  (and  the  presence  of  hydrogen 
and  oxygen)  due  to  incomplete  carbonisation  in  the  pyrolysis  pro¬ 
cess,  which  would  promote  the  gasification  reaction  of  the  carbon 
complex  of  the  remaining  char  with  C02,  as  described  in  Eq.  (4) 
[15,16],  With  further  increases  in  temperature,  hydrogen  and 
oxygen  related  compounds  would  be  gradually  squeezed  out  of 
the  matrix  of  the  char,  resulting  in  an  increase  in  the  fixed  carbon 
content  in  the  remaining  carbonaceous  material  [26],  As  the  tem¬ 
perature  further  increased,  the  reaction  between  C02  and  the  fixed 
carbon,  described  in  Eq.  (5),  inevitably  became  dominant.  Similar 
results  can  be  found  for  the  paper,  which  mainly  consists  of  hemi- 
cellulose  and  cellulose,  as  shown  in  Fig.  1(b).  The  maximum  rates 
of  weight  losses  during  pyrolysis  of  both  poplar  wood  and  paper 
occurred  at  ca  612  K,  which  was  almost  identical  to  that  of  cellu¬ 
lose  pyrolysis  under  the  same  condition  from  our  previous  studies 
[27  .  The  positions  of  the  DTG  peaks  in  the  gasification  region  for 
paper  and  poplar  wood  in  C02  atmosphere  occurred  at  ca  1084  K 
and  ca  1089  K,  respectively.  Fig.  1  (b-2)  shows  a  peak  (at  900  K), 
in  addition  to  the  peak  at  620  K,  appeared  in  the  nitrogen  atmo¬ 
sphere  but  not  in  C02,  due  to  the  different  reactions  incurred:  in 
pyrolysis,  the  two  peaks  are  due  to  the  thermal  decomposition  of 
cellulose  (at  ca.  620  K)  and  hemicellulose  (at  ca.  900  K);  but  in 
C02  gasification,  C02  attacks  both  C-C  and  C-H  bonds  indiscrimi¬ 
nately  [15-17,27]  and  therefore  only  the  peak  at  620  K  was 
observed.  Fig.  1(c)  illustrates  the  thermal  decomposition  behaviour 
of  the  rice  in  both  N2  and  C02  atmospheres.  It  can  be  seen  that  the 
major  weight  loss  of  the  rice  occurred  at  500-615  K  with  the  max¬ 
imum  rate  of  weight  loss  at  573  I<  in  N2  and  577  K  in  C02.  The  DTG 
curves  in  Fig.  l(c-2)  show  that  the  flat  tailing  sections  in  both  N2 
and  C02  atmospheres  above  ca  615  I<  fell  into  the  same  line.  It  is 
speculated  that  the  solid  residues  from  the  pyrolysis  of  rice  con¬ 
sisting  mainly  of  carbohydrates,  had  very  low  gasification  reactiv¬ 
ity  in  the  temperature  range  studied.  Therefore,  no  gasification 
reaction  occurred  for  the  rice. 

The  TG  and  DTG  curves  in  Fig.  1(d)  show  the  thermal  decompo¬ 
sition  behaviour  of  the  PE  sample  in  both  N2  and  C02  atmospheres, 
respectively.  Clearly,  all  the  materials  decomposed  between  ca 
650  K  and  785  I<  leaving  literally  no  solid  residue  behind  and  with 
a  single  DTG  peak  for  both  conditions.  The  maximum  rate  of  pyro¬ 
lysis  in  N2  occurred  at  a  temperature  only  ~8  K  lower  than  that  in 
C02  at  ca  765  K,  suggesting  that  little  or  no  C02-gasification  reac¬ 
tion  of  PE  during  and  after  the  pyrolysis. 

The  thermal  decomposition  behaviour  of  dacron  is  shown  in 
Fig.  1(e).  The  weight  loss  curves  in  C02  and  N2  deviated  at  ca 
1015  K,  indicating  that  the  C02-gasification  reaction  of  the  solid 
residues  had  started.  Before  the  commencement  of  the  gasification, 
dacron  underwent  a  similar  pyrolysis  process  in  C02  to  that  in  N2. 
A  minor  pyrolysis  peak  in  the  temperature  range  of  530-600  K  fol¬ 
lowed  by  a  major  peak  in  the  temperature  range  of  600-780  I< 
were  observed  from  the  DTG  curves  as  shown  in  Fig.  1  (e-2).  How¬ 
ever,  the  maximum  rate  of  pyrolysis  in  C02  was  shifted  to  the 
higher  temperature  region  by  ca  6  K,  as  in  all  other  cases. 

Fig.  1  (f)  shows  the  TGA  results  of  rubber  in  C02  and  N2.  Similar 
to  dacron,  the  C02-gasification  of  the  rubber  occurred  at  tempera¬ 
tures  higher  than  1080  K  with  a  minor  pyrolysis  peak  in  the  tem¬ 
perature  range  of  473-550  K  followed  by  a  major  weight  loss  in 
the  temperature  range  of  550-780  K. 

In  Fig.  1 ,  small  peaks  at  the  temperature  of  900  K  during  pyrolysis 
and  some  peaks  between  1000  I<  and  1200  K  during  C02-gasifica- 
tion  process  are  evident  in  (a-2),  (b-2)  and  (f-2)  but  not  in  (c-2), 
(d-2)  and  (e-2).  These  differences  in  the  thermal  behaviour  during 
pyrolysis  and  C02-gasification  of  the  six  materials  are  attributed 
to  their  different  compositions  and  the  different  chemical  bonds 


involved  in  each  of  the  components  of  them.  The  thermal  behaviour 
of  the  poplar  and  paper  samples  resembled  the  characteristics  of 
cellulose,  hemicellulose  and  lignin,  which  have  several  distinctly 
different  types  of  chemical  bonds  and,  as  such,  the  various  peaks 
were  observed  in  the  DTG  curves  of  these  two  samples.  The  same 
was  not  seen  for  the  rice,  PE  and  Dacron  samples  as  they  are  of  nar¬ 
row  ranges  of  chemical  bonds,  respectively,  that  is,  carbohydrates 
for  rice  and  unique  polymers  for  both  PE  and  Dacron  and  their  ther¬ 
mal  decomposition  behaviours  are  expected  to  be  unique  and  sim¬ 
ple.  In  C02-gasification,  the  porous  structures  of  the  chars  formed 
during  the  gasification  of  the  poplar,  paper  and  rubber  samples  also 
play  an  important  role  in  determining  the  thermal  mass  loss  behav¬ 
iour  and  therefore  the  additional  peaks  observed. 

An  inspection  of  all  the  TGA  results  for  the  six  representative 
CSW  components  suggests  that  the  gasification  behaviour  of  these 
CSW  materials  in  C02  were  distinctly  different  in  several  ways.  In 
the  temperature  range  studied,  three  characteristic  reaction  stages 
can  be  identified  from  the  TGA  results  of  the  gasification  of  poplar 
wood  and  paper,  both  of  lignocellulose  nature,  namely  pyrolysis 
stage  (stage  I),  gasification  of  the  char  of  incomplete  carbonisation 
(stage  II)  and  the  gasification  of  the  fixed  carbon  (stage  III).  These 
reaction  stages  were  defined  according  to  the  features  on  the 
DTG  curves.  When  a  DTG  peak  receded  back  to  zero,  the  corre¬ 
sponding  reaction  stage  was  considered  to  have  completed.  The 
thermal  decomposition  behaviour  of  rice  was  almost  identical  in 
both  N2  and  C02  and  only  incurred  the  pyrolysis  stage  (stage  I). 
Likewise,  PE  also  only  showed  the  stage  I  pyrolysis  reactions  and 
was  of  the  least  thermal  stability  among  all  the  six  CSW  samples 
studied  with  complete  decomposition  occurring  before  785  K  dur¬ 
ing  the  C02-gasification  process.  Only  two  reaction  stages  were 
observed  for  dacron  and  rubber  when  reacted  with  C02.  The  pyro¬ 
lysis  stage  completed  at  ca  780  K  for  both  materials  while  the  gas¬ 
ification  reactions  started  at  1015  K  and  1080  K,  respectively. 

The  fixed  carbon  and  ash  contents  of  the  representative  CSW 
samples,  as  determined  by  the  proximate  analysis,  are  also  respec¬ 
tively  marked  in  Fig.  1  for  comparison  and  bench-marking.  Fig.  1  (b, 
e  and  f)  shows  that  for  the  paper,  dacron  and  rubber  samples,  the 
C02-gasification  reactions  continued  to  below  the  fixed  carbon 
lines,  supporting  the  fixed  carbon  gasification  theory  in  the  stage 
III.  The  fixed  carbon  and  ash  contents  of  the  PE  sample  were  prac¬ 
tically  zero  and  therefore  no  stage  III  reaction  was  observable. 
However,  for  the  poplar  sample,  the  stages  II  and  III  reactions  pro¬ 
ceeded  from  above  to  below  its  fixed  carbon  line.  Generally  speak¬ 
ing,  the  hemicellulose  incurs  thermal  decomposition  at  423-623  K, 
the  cellulose  degradation  appears  between  548  and  623  K  and  the 
lignin  degradation  takes  place  at  473-973  K  [27].  Thus,  it  is 
believed  that  in  the  present  work,  the  biochar  of  the  poplar  sample 
reacted  in  stage  II,  and  the  fixed  carbon  in  stage  III  with  C02.  For 
the  rice  sample,  however,  the  weight  remaining  at  1200  I<  was 
greater  than  the  fixed  carbon  line,  suggesting  that  the  C02-gasifica- 
tion  reactions  were  not  dominating  before  the  temperature 
reached  1200  I<  [28].  Note  that  the  starch  in  rice  incurred  the  stage 
II  reaction  at  1200-1400  K. 

The  TG  and  DTG  curves  obtained  from  the  gasification  of  the 
typical  CSW  samples  in  C02  at  different  heating  rates  (/J:  5,  10, 
20  and  301<min_1)  are  shown  in  Fig.  2.  Clearly,  the  heating  rate 
affected  the  positions  of  TG  and  DTG  curves  and  the  maximum 
decomposition  rate.  This  can  be  explained  that  the  sample  reacting 
at  a  higher  heating  rate  experienced  a  shorter  reaction  time  and 
therefore  the  temperature  needed  for  the  sample  to  achieve  the 
same  degree  of  conversion  was  also  higher  [23],  In  order  to  better 
understand  the  gasification  process,  the  key  thermal  events  of  each 
stage  of  the  CSW  gasification  in  C02  heated  at  different  heating 
rates  are  described  by  the  characteristic  temperatures,  namely 
the  initiating  temperature  (T,),  peak  temperature  (Tp)  and  comple¬ 
tion  temperature  (Tf)  as  summarised  in  Table  2. 
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Fig.  2.  The  TG  (-1 )  and  DTG  (-2)  curves  of  the  six  typical  CSW  components  in  C02  at  different  heating  rates:  (a)  Poplar,  (b)  Paper,  (c)  Rice,  (d)  PE,  (e)  Dacron,  and  (f)  Rubber. 


3.2.  Kinetic  analysis 

The  TGA  data  were  analysed  according  to  the  Friedman  method 
to  determine  the  model-free  activation  energy.  Fig.  3  shows  the 
conversion  vs.  temperature  plots  of  the  reaction  stages  I  and  II, 
respectively,  of  the  C02-gasification  of  poplar  as  an  example. 
Unfortunately,  due  to  the  instrument  limitation  in  the  final  gasifi¬ 
cation  temperature,  the  reaction  stage  III  of  both  poplar  and  paper 
were  not  completed  in  the  present  studies.  Thus,  the  kinetic  anal¬ 
ysis  were  only  performed  in  the  reaction  stages  I  and  II.  Fig.  4 
shows  the  plot  of  the  natural  logarithm  of  the  left  hand  side  of 
Eq.  (3)  against  1/T  as  a  function  of  conversion  from  0.15  to  0.85. 
The  model-free  activation  energy  at  each  conversion  was  obtained 
from  the  slope  of  the  linear  regression  line  in  Fig.  4.  The  calculated 
squares  of  the  correlation  coefficient,  R2,  corresponding  to  the  lin¬ 
ear  fitting  used  in  the  Friedman  method  were  in  the  range  from 
0.98  to  1 .  The  calculated  activation  energy  as  a  function  of  conver¬ 
sion  is  presented  in  Fig.  5.  Note  that  for  all  materials  studied,  the 


activation  energy  did  not  remain  constant  but  changed  as  the  reac¬ 
tion  proceeded  during  pyrolysis  and  C02-gasification  processes. 
This  is  expected  as  the  materials  were  not  pure  compounds  but  a 
mixture  of  different  components  with  complex  chemical  bonding 
structures.  It  is  also  evident  that  the  changes  of  the  activation 
energy  as  a  function  of  conversion  of  the  six  materials  behaved  dif¬ 
ferently  as  the  composition  and  chemical  structures  of  the  six 
materials  studied  varied  so  significantly.  The  change  in  the  activa¬ 
tion  energy  as  a  function  of  conversion  determined  in  the  reaction 
stages  I  and  II  for  paper  had  a  very  similar  trend  to  that  for  poplar 
but  with  slightly  higher  values  than  that  of  poplar.  This  is  reason¬ 
able  as  both  materials  consisted  of  cellulose,  hemicellulose  and  lig¬ 
nin.  It  is  also  noted  that  the  activation  energies  in  stage  II  of  both 
paper  and  poplar  increased  as  the  conversion  increased  till  50% 
and  then  decreased  when  the  conversion  was  greater  than  50%. 
With  the  progress  of  carbonisation  in  stage  II,  the  volatile  matter 
or  hydrocarbon  molecules  remaining  in  the  biochar  continued  to 
decompose  and  the  carbon  structure  became  more  ordered  as 
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Table  2 

Characteristic  temperatures  of  the  key  thermal  events  identified  during  the  pyrolysis  and  C02-gasification  of  the  six  typical  CSW  samples. 


Sample  Heating  rate  (K  min  1)  Key  thermal  events 

Stage  I  Stage  II  Stage  III 


T,  (I<) 

T„  (I<) 

7}(I<) 

Tt  (K) 

TP{  K) 

7}(K) 

Tf  (K) 

rP  do 

T/(K) 

Poplar 

5 

418 

601 

808 

808 

1064 

1119 

1119 

1173 

1193 

10 

438 

616 

823 

823 

1094 

1154 

1154 

1178 

Incomplete 

20 

455 

631 

864 

864 

1115 

1166 

1166 

1182 

Incomplete 

30 

477 

636 

859 

859 

1156 

1171 

1171 

1183 

Incomplete 

Paper 

5 

442 

608 

904 

904 

1055 

1087 

1087 

1170 

1193 

10 

440 

623 

901 

901 

1073 

1094 

1094 

1173 

Incomplete 

20 

472 

640 

929 

929 

1095 

1127 

1127 

1182 

Incomplete 

30 

464 

651 

954 

954 

1103 

1148 

1148 

1184 

Incomplete 

Rice 

5 

465 

564 

884 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

10 

467 

573 

891 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

20 

490 

595 

896 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

30 

472 

607 

946 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

PE 

5 

585 

741 

777 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

10 

614 

757 

805 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

20 

642 

770 

805 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

30 

649 

779 

819 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

Dacron 

5 

593 

688 

929 

N/A 

N/A 

N/A 

929 

1148 

Incomplete 

10 

613 

708 

952 

N/A 

N/A 

N/A 

952 

Incomplete 

Incomplete 

20 

623 

724 

979 

N/A 

N/A 

N/A 

979 

Incomplete 

Incomplete 

30 

633 

735 

979 

N/A 

N/A 

N/A 

979 

Incomplete 

Incomplete 

Rubber 

5 

447 

642 

855 

N/A 

N/A 

N/A 

855 

1173 

Incomplete 

10 

457 

653 

877 

N/A 

N/A 

N/A 

877 

1173 

Incomplete 

20 

464 

669 

884 

N/A 

N/A 

N/A 

884 

1173 

Incomplete 

30 

473 

681 

910 

N/A 

N/A 

N/A 

910 

1173 

Incomplete 

Fig.  3.  a  vs.  temperature  curves  for  the  C02-gasification  of  poplar  at  different  heating  rates  in  reaction  stages  I  and  II. 


Fig.  4.  The  Arrhenius  plots  for  the  C02-gasification  of  poplar  at  different  reaction  stages  using  the  Friedman  method. 
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Fig.  5.  Plots  of  activation  energy  as  a  function  of  conversion 

reflected  by  the  increasing  activation  energy  [28],  However,  when 
the  conversion  was  greater  than  50%,  the  reaction  may  have  started 
to  switch  from  stage  II  to  stage  III  dominated  by  the  C02-gasifica- 
tion  of  fixed-carbon,  resulting  in  a  lower  activation  energy 
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the  six  typical  CSW  components  studied  in  the  present  work. 

[23,24,27],  For  the  other  four  CSW  materials,  the  activation 
energies  were  only  available  in  the  pyrolysis  stage  due  to  the  afore¬ 
mentioned  limitation.  For  synthetic  materials,  PE  and  dacron, 
which  were  constructed  by  monomers  of  simple  molecules,  the 
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determined  activation  energies  as  a  function  of  the  conversion  fell 
into  a  very  narrow  range.  Therefore,  in  this  pyrolysis  reaction  stage, 
the  single  step  reaction  assumption  can  be  adopted  to  describe  the 
thermal  decomposition  of  these  two  CSW  materials  and  most 
importantly,  the  activation  energies  obtained  were  independent 
of  the  model  used  and  thus  can  be  used  for  further  kinetic  analysis. 
On  the  other  hand,  the  compositions  of  the  rice  and  rubber  samples 
were  much  more  complex  than  those  of  the  two  synthetic  materi¬ 
als.  Therefore,  the  dependency  of  the  activation  energies  on  the 
degree  of  conversion  is  expected  to  be  strong.  The  variation  in 
the  activation  energy  of  rice  and  the  rubber,  as  shown  in  Fig.  5, 
reveals  the  complex  reaction  mechanisms  during  the  gasification 
process  of  these  two  materials.  Thus,  a  multi-step  reaction  model 
such  as  the  distributed  activation  energy  model  (DAEM)  [22,28] 
should  be  considered  for  further  kinetic  analysis. 

4.  Conclusions 

The  pyrolysis  in  N2  and  C02-gasification  of  six  selected  typical 
CSW  components  were  systematically  investigated  using  a  TGA 
operating  at  varying  heating  rates  to  identify  the  key  thermal 
events  during  the  thermal  conversion  of  the  CSW.  Three  distinctive 
characteristic  reactions  stages,  namely,  the  pyrolysis  of  the  raw 
CSW  (stage  I),  gasification  of  the  char  of  incomplete  carbonisation 
(stage  II)  and  the  gasification  of  the  fixed  carbon  (stage  Ill),  were 
revealed  and  described  according  to  their  characteristic  tempera¬ 
tures  of  occurrence  as  the  three  key  thermal  events  of  the  gasifica¬ 
tion  of  CSW  in  C02.  Poplar  and  paper  went  through  all  three  stages 
(stages  I,  II  and  III);  rubber  and  dacron  incurred  two  stages  (stages  I 
and  III;  while  PE  and  rice  only  showed  one  stage  (stage  I)  reactions 
during  their  respective  C02-gasification  process.  The  pyrolysis  pro¬ 
cess  (stage  I)  of  the  CSW  in  C02  was  similar  to  that  in  N2  but  C02 
shifted  the  reaction  to  a  higher  temperature  region.  The  activation 
energy  as  a  function  of  conversion  obtained  for  all  the  CSW  sam¬ 
ples  using  the  Friedman  method  was  independent  of  the  reaction 
models,  providing  useful  information  about  the  complex  reaction 
mechanisms  during  the  gasification  process.  In  stage  I,  the  activa¬ 
tion  energies  of  poplar,  PE  and  dacron  were  constant  regardless  of 
the  degree  of  conversion,  while  the  activation  energies  of  paper, 
rice  and  rubber  increased  as  the  conversion  increased.  In  stage  II, 
the  activation  energies  of  both  poplar  and  paper  increased  first 
as  the  reaction  progressed  but  decreased  after  50%  conversion. 
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